Building a nervous system requires a precise sequence of genetic transitions, mediated in part by the temporal and spatial regulation of transcription factors. Quan et al. add to our understanding of this regulation by describing an evolutionarily conserved post-translational mechanism that rapidly extinguishes proneural protein activity in neural precursors.
A key principle of developmental biology is that every cell type emerges as a result of a sequence of steps that must be precisely coordinated in both time and space. For example, a single neuroblast in the embryonic Drosophila central nervous system produces diverse types of neurons at different times due to a temporal cascade of transcription factors, and vertebrate corticogenesis is similarly temporally divided into neurogenic and gliogenic phases, drawing a connection between cell identity and time (Bertrand et al., 2002; Hartenstein and Wodarz, 2013) . In this issue of Cell, Quan et al. (2016) describe an unusually precise and evolutionarily conserved post-translational mechanism that temporally regulates transcription factor activity during the specification of neural precursors.
In both invertebrates and vertebrates alike, proneural transcription factors of the basic-helix-loop-helix (bHLH) family are essential to initiate neurogenesis ( Figure 1 ; Bertrand et al., 2002) . In Drosophila, these factors are initially turned on in small clusters of cells that each have the potential to become neural precursors. Proneural protein levels in one cell increase rapidly relative to its neighbors, due to both a cell-autonomous positive feedback loop and also Notchdependent repression of proneural gene expression in neighboring cells (Hartenstein and Wodarz, 2013) . Paradoxically, at its peak, proneural gene expression is subsequently extinguished (Cubas et al., 1991) . This tight temporal regulation is a crucial step in neurogenesis, as perdurance of these factors has severe consequences for neuronal specification (White and Jarman, 2000) .
In their paper, Quan et al. (2016) suggest a highly conserved mechanism for rapid inhibition of bHLH activity. As demonstrated for two Drosophila proneural proteins (Atonal and Scute) and the mammalian proneural protein Neurogenin 2 (Ngn2), post-translational phosphorylation effectively inhibits proneural activity after a neural progenitor has been specified. Using novel antibodies that recognize this phosphorylated form, the authors show that it is this inactivation of proneural activity, instead of simply a downregulation in gene expression, that mediates the tight temporal control of these factors. Ultimately, this process would also prevent auto-activation, contributing to the eventual downregulation of proneural gene expression.
Mechanistically, the authors show that phosphorylation of bHLH factors occurs at a single, highly conserved Ser/Thr residue. Because the negatively charged moiety is close to the DNA phosphate backbone, bHLH factors phosphorylated at this position fail to bind DNA (Figure 1) . Unlike other types of potential regulatory switches, such as turning off mRNA synthesis or triggering protein degradation, post-translational modification of a single residue results in the immediate and apparently complete inability of these factors to regulate gene expression. A particular strength of this work is the utilization of phospho-mimetic proteins (where Ser/Thr is replaced with an Asp) to demonstrate that modulation of this single residue causes bHLH proteins to lose all proneural activity in several in vivo assays.
Other phosphorylation events have been found to regulate the activity of proneural proteins: mammalian Ascl1 and Ngn2 are highly phosphorylated at Ser/Thr-Pro sites by both GSK3 and cellcycle dependent kinases (Hardwick and Philpott, 2014; Huang et al., 2014) and Drosophila Scute is phosphorylated by the GSK3 homolog Sgg (Yang et al., 2012) . Phosphorylation of residues in the N-and C-terminal domains can inhibit DNA binding, alter dimerization, and thus, binding specificity, or they can facilitate degradation (Hardwick and Philpott, 2014; Huang et al., 2014; Kiparaki et al., 2015) . However, the site described by Quan et al. (2016) appears to be distinct: it is located in the bHLH domain, likely phosphorylated by non-proline directed kinases, and serves as a single on-off switch for DNA binding. Although the coordination between these phosphorylation events remains unknown, one attractive hypothesis is that they serve to mediate changes in bHLH activities during different temporal windows. For example, specific phosphorylation events regulate distinct bHLH functions, such as their role in vertebrate neuronal migration and dendritic morphology, but not others (Hand et al., 2005) . Although Quan et al. (2016) show that the phospho-mimetic form has no neurogenic activity, it is feasible that the phosphorylated form, which is only approximated by the Asp substitution, carries out functions off the DNA, for example, by binding to dimerization partners and helping to squelch bHLH activities.
What comes across most clearly from this study is how finely tuned bHLH activities are. Not only can the phosphorylation of a single residue apparently abolish activity, it matters if the residue is a Ser (in Ato) or a Thr (in Ngn2). The authors speculate that even subtle differences in phosphorylation/phosphatasecycle dynamics can have important consequences in vivo. If true, it begs the question of how general these findings are and whether most-or perhaps alldevelopmentally important transcription factors are as finely controlled as these, with additional layers of regulation that go beyond their transcriptional regulation.
Figure 1. Temporal Regulation of Proneural Protein Activity
Proneural bHLH proteins are expressed at low levels in proneural clusters. Protein levels increase in one specified neural precursor, while being repressed in neighboring cells. Quan et al. show that, at the peak of expression, proneural proteins are phosphorylated, which prevents DNA binding. This inactivation of proneural bHLH factors is essential for the progression of neurogenesis.
